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THE THIOL-CONTAINING TRIPEPTIDE glutathione (L-␥-glutamyl-Lcysteinyl-glycine; GSH) provides the most abundant redox buffer in eukaryotic cells and contributes to a key pathway of phase II detoxification (49) . Glutathione biosynthesis is catalyzed by two ATP-dependent enzymes, ␥-glutamyl-cysteine ligase (GCL; EC 6.3.2.2) and glutathione synthase (GSS; EC 6.3.2.3) (30, 49) . The rate-limiting GCL is a heterodimeric enzyme composed of a catalytic subunit (GCLC; 73 kDa) and a modifier subunit (GCLM; 31 kDa). It catalyzes the reaction of the carboxyl group of glutamate with the amino group of cysteine to form the dipeptide ␥-glutamylcysteine. The enzyme GSH synthetase (GSS; EC 6.3.2.3) then catalyses the formation of GSH from ␥-glutamylcysteine and L-glycine (30, 37, 54) . The cysteine thiol in GSH acts as a nucleophile in reactions with both exogenous and endogenous electrophilic species. Thus, GSH can be used to reduce reactive oxygen species via spontaneous and catalytic reactions (23, 49) . As a major component of phase II detoxification, the nucleophilic addition of the GSH thiol group to electrophilic centers of various endobiotic and xenobiotic substances by an extensive family of glutathione transferases renders them more water soluble and thereby facilitates their excretion (23) . Given the importance of GSH for the maintenance of the intracellular redox environment and the role of this ubiquitous thiol-containing tripeptide in detoxification, it is not surprising that perturbations of GSH homeostasis have been linked with numerous gene-environment disorders including diabetes, cancer, and neurodegenerative and inflammatory disorders (23) . Despite the central importance of glutathione in the pathophysiology of human diseases, many aspects of its biosynthesis, metabolism, and responsiveness to environmental cues remain poorly understood.
The present study used a comparative genomic approach with the evolutionarily divergent model Ciona intestinalis for the study of GSH metabolism and its regulation. C. intestinalis is an invertebrate member of the chordate clade Urochordata (tunicates), which diverged from the last common ancestor of all chordates at least 500 million years ago (14, 15) . Their critical evolutionary position as the closest living relative of vertebrates and the simplicity of their embryogenesis have attracted developmental and evolutionary biologists since the turn of the last century. Because of this, the genomes of C. intestinalis (15, 59) as well as its close relative C. savignyi (62) have been sequenced.
C. intestinalis lives attached to submerged substrates in the subtidal zone of marine waters. Here they are constantly filtering sea water at 20 -30 ml/min (28, 58) , which contains high concentrations of complex polyphenols, halogenated aromatics, methylated sulfides, and some heavy metals (33) . Structurally, the marine toxins that C. intestinalis continuously encounters fall into chemical classes that are well characterized for their induction of many detoxification genes across the vertebrate chordates. However, little is known about the mechanisms by which tunicates detoxify or otherwise tolerate these natural toxins in the marine environment.
The evolutionary distance separating C. intestinalis and humans provides another distinct advantage of this animal model. Specifically, this phylogenetic relationship has provided more time for mutation and random evolutionary events to remove neutral sequences, thereby improving prospects for distinguishing functional sequences. Although methodologically challenging, the value of including divergent evolutionary constraints in the process of discovering cis-regulatory elements and transcriptional networks (73) , as well as human disease genes (17, 45) , is becoming increasingly documented. The accurate identification of genes and their boundaries is an important first step of executing a comparative genomics strategy for the study of metabolic pathways and associated regulatory modules. Through the combined implementation of manual annotation, phylogenetic methods, and expression analyses, the present data reveal that core genes contributing to GSH biosynthesis and metabolism are conserved in C. intestinalis, supporting the use of this invertebrate model for in vivo toxicogenomic studies.
MATERIALS AND METHODS
Manual annotation of a GSH homeostasis pathway. Candidate sequences were identified initially by searching reference sequences [human, rat, and mouse nucleotide and protein sequences retrieved from the highly curated National Center for Biotechnology Information (NCBI) database] against the C. intestinalis genome (http://www.ensembl.org/ Ciona_intestinalis/index.html) via the basic local alignment search tool (BLAST) similarity search of Ensembl BLASTView (12) . Sequence alignments with the highest score, lowest expectation value (E-value), and their percentages of identity were archived. Reference and genomic sequences as well as predicted transcripts and amino acid sequences were retrieved from the Ensembl project website (12) for additional analysis of gene homology in C. intestinalis. A systematic approach was followed to infer gene homology. Orthology assignment between genes was derived from hit-clustering methods (70) using the results (hits) from sequence similarity searches among highly annotated proteins from human, rat and mouse. First, the widely used reciprocal (bidirectional) best hit (RBH) (22, 68) method was performed. BLASTP (1) analysis was used to back-search the full retrieved amino acid sequence against RefSeq (NCBI Reference Sequence Project) protein sequences. Second, the Pfam algorithm (21) was used for the identification of conserved domains within the predicted C. intestinalis sequences. These results were confirmed by reverse position-specific (RPS) BLAST analysis performed with the amino acid sequences against the NCBI Conserved Domain Search (47) to detect structural and functional domains in protein sequences. Third, the OrthoMCL algorithm was used to construct orthologous groups across multiple eukaryotic taxa (8) . Finally, the highly annotated and curated SWISS-PROT and TrEMBL protein databases (72) were used to assess statistical significance of pairwise sequence similarity for each candidate gene using probability of random shuffle (PRSS) and SSEARCH analyses (56, 57) . With this systematic process, the accuracy of the annotations was validated and consistency with previously published data was tracked. All candidate genes contributing to GSH homeostasis (Table 1) were annotated from the C. intestinalis genome following this systematic approach.
Experimental animals. Adult C. intestinalis specimens were obtained from Marine Biology Laboratory (Woods Hole, MA) and maintained in circulating sea water tanks (average sea water temperature 15°C) at Mount Desert Island Biological Laboratory (MDIBL; http://www.mdibl.org/). Animals were adjusted to the environmental conditions at MDIBL for at least 6 days before experiments were performed.
In silico cloning of GSH biosynthesis and metabolism genes in C. intestinalis. Each of the chosen C. intestinalis genes contributing to GSH homeostasis was validated via in silico cloning analysis [prediction of a gene product sequence using only genomic and expressed sequence tags (ESTs) data] (5, 60). Transcript sequences of the genes annotated with the manual approach described above were retrieved from the Ensembl project website (12) and were used as queries for BLASTN analysis (75) against the nonmouse and nonhuman EST database in GenBank [NCBI; (4) ].
Expression of GSH biosynthesis and metabolism genes in adult C. intestinalis. Total RNA was extracted from the branchial sac, gastrointestinal tract, and heart dissected from replicate adult animals using the RNeasy kit (Qiagen, Valencia, CA) following the manufacturer's instructions. Primers were designed for the following GSH-related genes and known transcriptional regulators from nucleotide sequences annotated manually as described above: Gclc, Gclm, Gss, Ggt1, Gpx1, Gsr, Gstm1, Glrx, Slc7a11 (xCT), Abcc2 (Mrp2), Nfe2l2 (Nrf2), Keap1, Maff, Bach1, Nr1h3 (Lxra), Nr1h4 (Fxr), and Rxra (Supple- mental Table S1 ).
1 A one-step RT-PCR kit (Qiagen) was used to examine mRNA expression. Reactions were performed in a total volume of 25 l with ϳ40 ng/l of total RNA. First, cDNA synthesis and predenaturation were performed in single cycles at 50°C for 30 min and 95°C for 15 min, respectively. Next, PCR amplification was performed for 35 cycles: 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s with a final extension cycle at 72°C for 6 min. The housekeeping gene ␤-actin (Actb) was used as a constitutively expressed control and RT-PCR amplifications targeting Actb in which reverse transcriptase was omitted did not generate amplicons, demonstrating that the RNA samples were not contaminated with genomic DNA (data not shown). In addition, two negative controls, no template and no reverse transcriptase reactions, were included in each RT-PCR amplification to avoid false positive results. PCR products were visualized by agarose gel electrophoresis and ethidium bromide staining.
Response of GSH biosynthetic genes to oxidative stress in C. intestinalis. Both semiquantitative end-point and RT-qPCR were used to examine the extent to which core genes of the GSH biosynthesis pathway in C. intestinalis are responsive to the prototypical antioxidant tert-butylhydroquinone (tBHQ). Three independent experiments were performed. First, a total of five adult animals per group were exposed to tBHQ (100 M) or vehicle (DMSO) for 8 h in sea water tanks at MDIBL. Heart rate and response to contact were measured after exposure to the experimental treatments and immediately before dissection of the tissues as physiological vital signs. Total RNA was extracted from the heart of animals exposed to control and tBHQ treatments using the RNeasy kit (Qiagen). Semiquantitative end-point RT-PCR was performed in a total volume of 25 l with ϳ37 ng/l of total RNA, and Actb was used as a constitutively expressed control. The semiquantitative RT-PCR reactions were performed as described above with the exception that the number of PCR cycles was gradually decreased. Twenty-seven cycles were required to reveal differences in RNA concentration between treatments.
Second, because the semiquantitative RT-PCR analysis revealed that tBHQ increased Gclc and Gclm expression in the heart of C. intestinalis, and it is well established that treatment with tBHQ increases steady-state RNA expression of these glutathione biosynthesis genes in mouse (63) , rat (7, 43, 44) , and human cells (26, 42) , two additional independent experiments were performed to corroborate the previous findings. For these two experiments, a total of seven adult animals per group (n ϭ 4 and n ϭ 3) were exposed to tBHQ (100 M) or vehicle (DMSO) for 12 h in sea water tanks. Total RNA was extracted from the branchial sac, gastrointestinal tract, and heart as described above, and RT-qPCR (OneStep RT-PCR Kit, Qiagen) analysis was performed with the protocol described above with the following modifications: PCR volumes were adjusted to a total of 10 l. PCR denaturation cycles were performed at 95°C for 15 min, and a slow temperature-ramping dissociation stage (95°C for 15 s, 60°C for 15 s, and 95°C for 15 s) was added after the final PCR extension cycle to monitor the specificity of amplification. Absolute quantification was performed using a pool of RNA from different tissues for the standard curve. Target gene RT-qPCR signals were normalized with the Actb housekeeping gene signal to standardize the quantity of starting RNA. Analyses were run in triplicate. For estimation of fold-change, RT-qPCR signals from the control group were set as 1.
Statistical analysis of gene expression. Differences in fold change of gene expression between control and treatment groups were analyzed for statistical significance using the Mann-Whitney U-test (Statview, version 5.0.1; SAS Institute, Cary, NC). P Ͻ 0.05 was accepted as statistically significant. Results of RT-qPCR are shown in box plots, which include their five-number summaries (the smallest observation, lower quartile, median, upper quartile, and largest observation).
Phylogenetic analysis of the rate-limiting enzyme of the GSH biosynthetic pathway.
To examine the homology of the C. intestinalis GCL subunits to other highly annotated GCLC and GCLM proteins, sequences were retrieved from Ensembl for human and a minimum number of National Institutes of Health model organisms (rat, mouse, zebrafish, Caenorhabditis elegans; www.nih.gov/science/models/ index.html). It was confirmed that the GCLC and GCLM proteins from these flanking species correspond to consensus sequences archived in SWISS-PROT, TrEMBL, NCBI, and model organism databases. These sequences were aligned using M-Coffee software, a meta-method for assembling multiple sequence alignments (69) . Jalview software analysis (9) was used to calculate percentage of identity, degree of conservation, and consensus among all selected sequences. To confirm homology among GCLC and GCLM sequences as revealed by RBH and alignment methods, phylogenetic trees were constructed with the maximum parsimony and maximum likelihood methods (18) using the MEGA software version 4.0 (65). Trees were rooted using C. elegans homologs as out-group protein sequences. The statistical significance of branch order was estimated by the generation of 1,000 replications of bootstrap re-sampling of the originally-aligned amino acid sequences.
RESULTS

Manual annotation of a GSH homeostasis pathway.
Twelve genes that contribute to GSH homeostasis in C. intestinalis were annotated including core genes involved in GSH biosynthesis and its use as a redox buffer and conjugate in phase II detoxification reactions (Table 1 ). This analysis also included seven transcriptional regulators, which have been experimentally confirmed in human, rat or mouse to regulate expression of the GSH homeostasis genes ( Table 2) . Although the Ensembl project website provides an automatic preannotation of eukaryotic genomes, manual annotation was performed for each gene of interest to increase the accuracy of these predictions (12) .
C. intestinalis candidate amino acid sequences were used to perform RBH (68) analysis against the entire RefSeq database (Supplemental Table S2 ). The RBH analysis revealed that C. intestinalis genes have close sequence homology to other eukaryotic genes. For Gclc, Abbc2, Nfe2l2, Keap1, and Rxra, the best hits have E-values of zero. For the remainder of the annotated genes, the E-values range from 6E-156 to 5E-22 (Supplemental Table S2 ). Table 3 presents the data for searches against human, rat, and mouse RefSeq databases. All candidate sequences retrieved from the C. intestinalis genome database have E-values Ͻ10 Ϫ6 , a cut-off threshold used commonly for initial assignment of sequence homology (27, 29) . Supplemental Table S3 summarizes the construction of orthologous groups across multiple eukaryotic taxa. The use of the OrthoMCL algorithm generated a list of putative orthologous relationships between multiple genomes by reciprocal best similarity pairs. This analysis revealed that all candidate genes of the GSH homeostasis pathway in C. intestinalis clustered with known orthologous groups from multiple eukaryotic taxa. In all cases, the probabilities of these predictions were lower than the cut-off threshold (10 Ϫ5 ) established for the prediction of orthologous groups (8) . Moreover, the presence of orthologous genes in at least seven different taxa, the high percentage of sequence identity, and the high percentage of sequence coverage provide additional support of the accuracy of the annotation process.
Because the identification of domains that occur within proteins can provide insights into their function (3, 64), conserved domains occurring in the candidate genes from C. intestinalis were identified. Pfam domains within C. intestinalis amino acid sequences of the GSH biosynthesis and metabolism pathway genes are shown in Table 4 . For all the proteins analyzed, the E-values were Ͻ3 ϫ 10 Ϫ5 , the cut-off value used for accurate prediction of protein family members (55) . Finally, the statistical significance of pairwise sequence similarity for each candidate gene using PRSS and SSEARCH analyses (56, 57) was calculated (Supplemental Table S4 ). These analyses revealed that for all candidate genes of the GSH homeostasis pathway in C. intestinalis, the probability of sequence homology at the primary structure level was highly significant. All predicted E-values are below the cut-off level of 10 Ϫ5 for these methods of statistical analysis (56, 71) . In silico cloning of GSH biosynthesis and metabolism genes in C. intestinalis. Production of EST libraries is a common approach for characterizing protein-coding sequences within fully sequenced genomes (4). Thus, in silico cloning (5, 60) was performed for the chosen C. intestinalis genes involved in GSH biosynthesis and metabolism using the nonmouse and nonhuman EST database in GenBank. This approach identified at least one homologous EST clone for all of the 19 genes contributing to GSH homeostasis and known transcriptional regulators ( Table 5 ). All of the identified EST clones were obtained from C. intestinalis cDNA clone libraries produced from embryos or various tissues of juvenile and adult animals ( Table 5) .
Expression of GSH biosynthesis and metabolism genes in adult C. intestinalis. Primers were designed from each of the annotated sequences and used for end-point RT-PCR analysis to confirm the expression of core genes contributing to GSH biosynthesis and metabolism. Actb was used as a housekeeping gene to ensure the presence of amplifiable RNA in all tissue samples before the analysis of candidate pathway genes. Single amplicons of predicted size were obtained for each target gene.
Each of the genes encoding functions in the GSH homeostasis pathway including the transcriptional regulators Nfe2l2, Keap1, Maff, Bach1, Nr1h3, Nr1h4, and Rxra (Tables 1 and 2) was expressed constitutively in branchial sac, gastrointestinal tract and heart of adult animals ( Fig. 1 ). Relative to Actb RNA expression, considerable interindividual variation was observed in all three tissues for at least five of the GSH-related genes (Fig. 1 ). Of these, constitutive expression of Abcc2, Slc7a11, and Gss exhibited the greatest variation among replicate animals. The consistent level of Actb RNA expression for the three tissues indicates that variable expression of the GSH-related genes likely reflects physiological differences. However, the literature contains little related information regarding variability in the expression of these genes in other animal models, and this observation warrants additional research.
Response of GSH biosynthetic genes to oxidative stress in C. intestinalis. Replicate adult animals were exposed to the prototypical phenolic antioxidant tBHQ to assess responsiveness of C. intestinalis to oxidative stress. Semiquantitative RT-PCR analysis of heart revealed that tBHQ increased steady-state abundance of RNA transcripts for the two genes encoding the rate-limiting enzyme of GSH biosynthesis, Gclc and Gclm (Fig. 2) as reported for other species. In contrast to Gclc and Gclm, the expression Gss did not exhibit responsiveness to tBHQ with end-point RT-PCR analysis (Fig. 2) .
The responsiveness of Gclc and Gclm to tBHQ was corroborated by RT-qPCR analysis. Box plots illustrating the distribution of RT-qPCR data are presented in Fig. 3 . Treatment with tBHQ significantly increased the expression of Gclc and Gclm genes in branchial sac (4.4 and 17.7 mean fold change), gastrointestinal tract (9.3 and 51.1) and heart (6.9 and 65.8), respectively.
Phylogenetic analysis of GCL subunits. Protein alignments and pairwise sequence identities for GCLC and GCLM were estimated for human, rat, mouse, zebrafish, C. intestinalis, and C. elegans. This analysis revealed a relative high degree of conservation among these proteins (Fig. 4, A and B) . Pairwise sequence identities within each group ranged from 50.7 to 98.3% for GCLC (Table 6 ) and from 29.7 to 98.9% for GCLM (Table 6 ). Alignment of GCLC residues revealed complete conservation of a glycine-rich motif MGFGMGXXCLQ (alignment positions 264-274), cysteine (Cys)-272 (alignment position; Cys249 in human) and Cys591 (alignment positions; Cys553 in human) across human, rat, mouse, zebrafish, C. intestinalis, and C. elegans (Fig.  4A ). For GCLM, the protein alignment revealed complete conservation of Cys212 and Cys213 (alignment positions; Cys213 and Cys214 in Drosophila melanogaster, Fig. 4B ). The glycine-rich motif of GCLC and conserved Cys residues in both GCLC and GCLM contribute to structural modifications required for GCL activity (7, 25, 26, 34, 35, 43) . Specifically, the single glycine-rich motif of GCLC lies near the catalytic active site and is thought to contribute to the transfer of the ATP-phosphate group to glutamate to form an intermediate, to which cysteine binds to form the dipeptide ␥-glutamylcysteine (31). The conserved Cys residues form molecular disulfide linkages between GCLC and GCLM to form the GCL holoenzyme in response to many cellular insults, particularly oxidative stress (24, 25, 61, 66 ). In addition, feedback inhibition of GCL activity is mediated by GSH reduction of the disulfide linkages between GCLC and GCLM (24, 25, 61) . Phylogenetic analysis with the maximum parsimony method using protein sequences from flanking model organisms confirmed the homology of C. intestinalis GCLC and GCLM as revealed by the RBH and alignment methods (Fig. 4, C and D) . A similar tree topology was observed for both GCLC and GCLM with sequences from the five model organisms. Phylogenetic trees constructed with the maximum likelihood method generated comparable topologies (data not shown). While the combined data from the GCLC and GCLM alignments and phylogenetic trees confirms homology for the C. intestinalis GCL protein subunits, a more extensive analysis with an expanded sequence dataset would yield greater insight into the evolution of the GSH biosynthesis pathway among eukaryotic taxa.
DISCUSSION
The present study reveals that core genes in the C. intestinalis genome contributing to the biosynthesis of glutathione (Gclc, Gclm, Gss, Ggt1, Slc7a11), its use as a redox buffer (Glrx, Gpx1, Gsr) and as a conjugate in phase II detoxification (Gsta1, Gstm1, Gstp1, Abcc2), as well as known transcriptional regulators (Nfe2l2, Keap1, Maff, Bach1, Nr1h3, Nr1h4 and Rxra), exhibit a high level of homology to corresponding genes in human, rat, mouse, and other eukaryotic taxa (Fig. 5) . The data are also the first to demonstrate that these genes are expressed constitutively in branchial sac, gastrointestinal tract, and heart of adult animals and that C. intestinalis GSH biosynthetic genes are responsive to tBHQ, an electrophilic phenol that is used commonly as an experimental reagent to examine redox-sensitive genes and metabolic pathways (34). Fig. 1 . Ciona intestinalis gene expression analysis. Representative electrophoresis gels of RT-PCR products from 5 replicate C. intestinalis specimens. Gels demonstrate the expression of Gclc, Gclm, Gss, Ggt1, Gpx1, Gsr, Gstm1, Glrx, Slc7a11 (xCT), Abcc2 (Mrp2), Nfe2l2 (Nrf2), Keap1, Maff, Bach1, Nr1h3 (Lxra), Nr1h4 (Fxr), and Rxra genes. Schematic representation of adult animal anatomy (drawing modified from Ref. 13 ) illustrating the branchial sac, gastrointestinal tract, and heart. Initially, the target genes ␤-actin (Actb), Gclc, Gclm, Gstm1, Keap1, and Nrf2 were analyzed in 3 tissues from 12 animals, and the Actb signal was used as an indicator of RNA quality to identify 5 replicate animals for investigation of additional gene targets. This approach required that some of the gels be spliced to show only 1 target gene within a given tissue for the 5 replicate animals and to position the 5 lanes of interest adjacent to the ladder used for that gel. Targets affected include: Branchial sac, Gss, Ggt1, Gpx1, Gsr, Gstm1, Abcc2, Keap1, Bach1, Nr1h3, Rxra: Heart, Gss, Ggt1, Gsr, Abcc2, Keap1, Nr1h3, Rxra; Gastrointestinal tract, Gss, Gpx1, Gstm1, Abcc2, Bach1, Nr1h3, Rxra. The same 5 animals were used for all of the gels depicted in this figure. C. intestinalis exhibits a number of anatomical and environmental features that contribute to its value as a model organism for comparative toxicogenomics, specifically as it relates to maintenance of redox homeostasis. Adult animals are filter feeders, and replicate specimens can thus be easily exposed to xenobiotic solutions. Moreover, adult animals are relatively simple anatomically (28) . The branchial sac, gastrointestinal tract, heart, and gonads are the most prominent organs in adult specimens. The incurrent or buccal siphon is the anterior opening into the gastrointestinal tract, while the rectum and gonads expel through the atrial or excurrent siphon. The intestine is dominated by an enlarged pharynx or branchial sac preceding the stomach whose wall is perforated by numerous tiny gill slits. The branchial sac is both a respiratory organ and filter-feeding device. Water and food particles enter the branchial sac, and water passes through the gill slits and then out the atrial siphon, while food remains in the gastrointestinal tract and passes posteriorly to be digested.
Surprisingly little is described regarding the anatomy and cell biology of xenobiotic detoxification and excretion in C. intestinalis. This tunicate does not have a structure recognizable as a kidney but possesses a pyloric gland comprising a system of tubules that form a single pyloric duct that opens into the digestive tract at the junction of the stomach and intestine (28) . The pyloric gland has been proposed to be an excretory organ in C. intestinalis; however, this function has not been conclusively demonstrated in the literature (28, 50) . The minute size of this tissue precluded its isolation in the present study. There is also evidence that nephrocytes and orange pigmented cells, two of the eight blood cell types in the circulatory system, may function as a storage and transport system for metabolic waste products, which are stored in vesicles (so-called "renal vesicles") located near the pericardium (28) . The present evidence for expression of a comprehensive pathway of genes contributing to GSH homeostasis in the heart indicates that this organ may also contribute to xenobiotic metabolism in C. intestinalis.
Whereas C. intestinalis has been used extensively to define ancestral mechanisms of development that are shared among the chordates (13) , the present data are among the first to examine a key environmentally responsive pathway in this animal model. It has been concluded that with respect to gene content, the genome of C. intestinalis has experienced an extensive loss of ancestral genes and that these derived features may reflect adaptation to their specific ecological niche (38) . However, regarding the GSH pathway, the unique ecological niche occupied by C. intestinalis may have provided optimal selection pressure for preservation of this central pathway of cellular homeostasis. Specifically, in the subtidal marine environment, C. intestinalis is exposed continuously to high concentrations of numerous xenobiotics that fall into chemical classes known to induce various detoxification genes across the chordates (16) . Of particular relevance are the many secondary phenolic compounds that are used by marine plants and macrophytic algae (seaweed) as chemical defense against herbivorous invertebrates and bacterial degradation (2, 20) . Polyphenols in various dietary plants comprise a versatile group of phytochemicals that are increasingly studied because of their antioxidant properties and induction of genes contributing to xenobiotic metabolism. Numerous studies demonstrate that plant polyphenols may enhance cellular resistance to electrophilic xenobiotics through direct modulation of genes involved in glutathione homeostasis (51, 52) . For instance, Myhrstad et al. (52) demonstrated that quercetin, a particularly bioactive polyphenol found in a wide variety of dietary plants, increased GSH concentrations as well as steady-state mRNA expression of GCL subunit genes Gclc and Gclm (49) .
In the present study, adult specimens of C. intestinalis were exposed to tBHQ, a well-characterized phenolic antioxidant, also known to induce expression of GCL subunit genes and its enzyme activity (7, 26, (42) (43) (44) 63) . Similar to observations for these genes in mouse (63) , rat (7, 43, 44) , and human cells (26, 42) , treatment with tBHQ increased steady-state mRNA expression of both Gclc and Gclm in branchial sac, gastrointestinal tract, and heart. Responsiveness of the Gss gene in C. intestinalis to tBHQ was more variable, which has also been reported for a human cell line (39) . Thus, genes contributing to the biosynthesis of GSH in C. intestinalis respond in a manner similar to homologous genes in human and rodent models.
Phylogenetic comparison of GCLC and GCLM proteins from C. intestinalis with those from C. elegans, zebrafish, rat, mouse, and human revealed that the primary structure for both subunits is also conserved, with pairwise sequence identities ranging from 50 to 94% for GCLC and 29 to 96% for GCLM. A similar degree of conservation for GCLC was found in other evolutionary studies of eukaryotic taxa that did not include C. intestinalis (11, 25) . Also conserved in the GCL catalytic and modifier subunits of C. intestinalis are cysteine residues Cys272 and Cys591 in GCLC, and Cys212 and Cys213 in GCLM. The disulfides formed between GCLC and GCLM by these cysteine residues are susceptible to reducing environments and modify GCL activity in response to changes in intracellular GSH concentrations (6, 24, 25, 35, 36, 46) . Although GCLC alone can catalyze the formation of ␥-glutamylcysteine, its binding with GCLM enhances enzyme activity by lowering the K m for glutamate and ATP, and increasing the K i Fig. 2 . Gene expression analysis in C. intestinalis heart after exposure to tert-butylhydroquinone (tBHQ). Semiquantitative end-point RT-PCR was performed with RNA extracted from the heart of 5 replicate adult animals (see MATERIALS AND METHODS). Shown are relative differences in the level of expression of Gclc, Gclm, and Actb (constitutively expressed gene) in response to 100 M tBHQ exposure for 8 h in circulating sea water tanks.
for GSH inhibition (25, 35) . Apparently, only some eukaryotic species have evolved the GCL modifier subunit to regulate GSH synthesis. It has been hypothesized that the presence of conserved cysteines in GCLC is a good indicator of GCLM regulation (24) . For example, eukaryotic species containing the conserved Cys591 in GCLC (e.g., chicken, zebrafish, Xenopus, Anopheles gambiae, C. elegans, Saccharomyces pombe, and Neurospora crassa) also have a GCLM homolog (24) . In contrast, Trypanosoma brucei and S. cerevisiae lack the conserved Cys591 residue in their GCL monomer, and their genomes do not encode a GCLM homolog (24) . While the two GCL subunits in C. intestinalis also share critical features with homologous proteins of human and rodent models, further study will be required to determine the extent to which the GCLM subunit of C. intestinalis regulates the GCL holoenzyme.
Regarding transcriptional regulation, the present data demonstrate that Nfe2l2, Keap1, Maff, Bach1, as well as the nuclear receptors Nr1h3, Nr1h4, and Rxra, each of which has also been linked to GSH homeostasis, are expressed in various tissues and different developmental stages of C.
intestinalis. Of these transcription factors, NRF2 is the best characterized in eukaryotic species for its regulation of genes contributing to GSH homeostasis. Under constitutive conditions, NRF2 activity is repressed through the binding of the cytoskeleton-associated protein KEAP1, and its activation requires the interference of NRF2/KEAP1 interactions (40, 41, 53, 67) . Although several models exist regarding the molecular mechanisms by which NRF2-KEAP1 interactions are regulated, transcriptional activation by NRF2 is mediated by its binding to the antioxidant response element found in upstream promoter regions of genes responsive to a wide range of chemical insults including GSH homeostasis genes (40, 41, 53, 67) . There is also evidence that other transcriptional regulators such as small MAF proteins and BACH1 modulate NRF2 activity (40) . Notably, with the exception of the Maf gene, the C. intestinalis genome contains a single ortholog of the core GSH-related transcription factors, which typically comprise multiple paralogs in vertebrate genomes (74) . The Maf gene, which was observed to be constitutively expressed in branchial sac, gastrointestinal tract, and heart of adult C. intestinalis, is Fig. 3 . Expression of Gclc and Gclm in C. intestinalis after exposure to the prototypical antioxidant tBHQ. Relative fold changes (x-axes) in the level of expression of C. intestinalis Gclc (A-C) and Gclm (D-F) genes in response to tBHQ. We exposed 7 replicate animals to 100 M tBHQ for 12 h in circulating sea water tanks. Branchial sac (BS; A and D), gastrointestinal tract (GIT; B and E), and heart (C and F) were collected after exposure and gene expression was analyzed via RT-qPCR. Gclc and Gclm values were normalized with the C. intestinalis Actb gene. Shown are box plots with relative fold change (setting controls as 1), and 5-number summaries (smallest observation, lower quartile, median, upper quartile, and largest observation). Gene expression values were compared by Mann-Whitney U-test. P Ͻ 0.05 was accepted as statistically significant. most similar to Maff (small MAF family member). The single paralog of this sequence in the C. intestinalis genome appears to be more closely related to members of the large MAF family. Thus, similar to gene networks regulating development (13, 14) , it appears that the core complex of transcription factors regulating GSH homeostasis in C. intestinalis also exhibits minimal genetic redundancy. This feature reinforces the value of C. intestinalis as a model Fig. 4 . Phylogenetic analysis of the rate-limiting enzyme of the GSH biosynthetic pathway in C. intestinalis and other eukaryotes. A: GCLC protein alignment revealed complete conservation of a glycine-rich motif MGFGMGXXCLQ (alignment positions 264-274), Cys272 and Cys591 (alignment positions; denoted by *; Cys249 and Cys553 in human, respectively) across human, rat, mouse, zebrafish, C. intestinalis, and Caenorhabditis elegans. B: GCLM protein alignment revealed complete conservation of Cys212 and Cys213 (alignment positions; denoted by *; Cys213 and Cys214 in Drosophila melanogaster). For A and B, the level of sequence conservation is shown on a color scale with red residues being the most conserved and yellow least conserved; nonshaded residues are not conserved across species. Phylogenetic rooted trees based on the amino acid sequences of GCLC (C) and GCLM enzymes (D). Phylogenetic trees were constructed with the maximum parsimony method using the MEGA software version 4.0. The statistical significance of branch order (numbers on branches) was estimated by the generation of 1,000 replications of bootstrap resampling of the originally aligned amino acid sequences. Scale bar indicates the number of changes over the whole sequence. organism for identification of environmentally responsive gene regulatory networks.
In summary, the present evidence of conservation of a core GSH homeostasis pathway in C. intestinalis together with its phylogenetic position and lifestyle as a filter feeder constantly exposed to natural marine toxins introduces this species as an important animal model for comparative toxicogenomics. The accurate identification of genes and their boundaries and the inclusion of sequences with greater phylogenetic distances such as C. intestinalis facilitate the discovery of functional elements within genomes because neutral sequences and patterns of substitution, insertion, and deletion can be more precisely detected (19) . Recent studies have revealed the value of this strategy for discovering conserved cis-regulatory elements in higher eukaryotic species (10, 32, 48) . Moreover, the majority of genes involved in genetic diseases apparently are of ancient origin (17) . Given the critical role of glutathione in cellular homeostasis and xenobiotic detoxification, continued study of this and other redoxsensitive pathways in the ancestral chordate C. intestinalis may facilitate the identification of molecular mechanisms that contribute to human gene-environment disorders.
NOTE ADDED IN PROOF
The channels revealing points where gel photographs were cut and repositioned did not appear in Fig. 1 in the Articles in Press version of the article. The revised figure and legend appear in this final published version of this article. 
